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The separation-by-implantated-oxygen ͑SIMOX͒ process is one of the well established techniques to fabricate silicon-on-insulator ͑SOI͒ material. 1 The process consists of a high-dose O implantation at temperatures T ജ 500°C and a long-term annealing at temperatures T ജ 1300°C resulting in a buried oxide layer with box-shaped O profile ͑BOX͒. However, the required very high ion dose does not only present an economic problem but also introduces a high level of implantation defects into the top Si layer. Consequently, numerous investigations were performed in order to reduce the oxygen dose. The state-of-the-art of SIMOX processing employs defect engineering, as, e.g., internal oxidation ͑ITOX͒.
2-4 The experimental results also revealed an energydose ͑ED͒ window 5 within which a planar continuous buried oxide layer is achieved with excellent SOI material properties.
6-8 For a lower oxygen dose, the layer is mostly not continuous and consists of isolated oxide precipitates. For a higher oxygen dose, a continuous but inhomogeneous oxide layer is formed including silicon islands. The origin of the ED window is not yet explained by theoretical modeling. [9] [10] [11] In this study the implantation-induced excess of vacancies V ex or of interstitials I ex is supposed to be the cause of the ED window. Such excess defects are generated and accumulated during implantation by spatial separation of Frenkel defect pairs and survive the implantation at enhanced temperature. 12 the profiles in this study were calculated by full cascade simulations using the computer code transport of ions in matter ͑TRIM͒. 13, 14 The indicated position x J is the depth where the defect distribution changes from excess of vacancies to interstitials. BOX formation requires the redistribution of the implanted oxygen from outside into the BOX region. The hatched area in Fig. 1 shows the BOX after complete O redistribution centered at the O profile peak. The Si/ SiO 2 interface is marked at the position x B . O redistribution against the concentration gradient proceeds by coarsening or Ostwald ripening. of the defect type. The slow down of the precipitate growth at x J results in a discontinuity of the process of O redistribution toward the maximum of oxygen concentration. Therefore, large precipitates may grow in the vacancy-dominated region by accumulation of oxygen which does not pass down. The parity x J = x B is the "best choice" for O redistribution resulting in a narrow oxide layer without discontinuity. Large precipitates eventually formed in the region outside the BOX, can hardly be resolved. Such precipitates are mainly arranged in one layer in addition to the precipitates in the BOX region. A double layer of precipitates was frequently observed for low dose O implantation. [15] [16] [17] Furthermore, the region in front of the mean projected ion range in Si is known for gettering of impurities by excess vacancy clusters. 18, 19 The second relation ͑ii͒ defines a particular O concentration c C ͑see Fig. 2͒ . The volume fraction of SiO 2 corresponding to c C is very high ͑Ϸ50% ͒. Therefore, the precipitates are in immediate vicinity. For a marginally higher volume fraction of 52%, spherical precipitates of arbitrary size would be in direct contact. At such high density precipitates rather grow by coalescence than by coarsening. Large-size precipitates are rapidly formed by coalescence. The O concentration c C may be a threshold between depth regions dominated by coarsening ͑below c C ͒ and by coalescence ͑above c C ͒. For ED window implants, the region dominated by coalescence ͑the "core" region of precipitate growth͒ coincides with the BOX region.
Calculated ED data are presented in Fig. 3 together with experimental results. The thin line shows the minimum O dose to reach a maximum concentration of c C = 1.9 ϫ 10 22 cm −3 in the as-implanted profile. Two thick lines represent combinations of ion energy and dose for which the Si/ SiO 2 interface of the BOX is at x B = x J and at x B = 0.95x J . In addition, the relation c O ͑x B ͒ = c C is satisfied. The curves are slightly smoothed. A small shift of x B toward a position of about 5% shallower than x J is inside the margin of deviation of data in the Monte Carlo simulations 14 ͑see Fig. 2͒ . The gap between the curves reflects the statistical character of ion implantation and the range between them is supposed to be the calculated ED window region.
For ion energies below 75 keV, the ED window is overestimated. This might be due to enhanced annihilation of defects at the nearby surface. As the energy decreases, an increasing fraction of the generated excess vacancies is located close to the surface ͑visible in Fig. 2͒ . Notice that the amount of excess vacancies generated in O implantation is always about 0.2 per O ion. For comparison, other experimental data are also indicated in Fig. 3 . Some of them fall below the ED window. The relatively large scattering of the experimental data 5,7,15,17,20-23 is probably due to variations of the process parameters resulting in different kinds of defect engineering. Appropriate experiments 5,24 made use of extreme long-term annealing ͑very slow temperature ramping͒ and/or of a foreign O source ͑ITOX͒. Such techniques may change the implantation-induced defect state and were not considered in the present model.
To summarize, the ED window indicates that implantation-induced defects control the O redistribution during high-temperature annealing in SIMOX processing. The ED window is determined by the relations x B = x J and c O ͑x B = x J ͒ = c C = 1.9ϫ 10 22 cm −3 . Moreover, the effect of implantation defects demonstrates that appropriate defect annealing or smart defect engineering can overcome the ED window in order to further reduce the required O dose. 
